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We report on the development of a sensitive dilatometer based upon a AFM piezocantilever. This dilatometer
has been tested at temperatures down to 25 mK and in magnetic fields up to 16 T. The layered heavy fermion
superconductor CeCoIn5 and its non-magnetic analog LaRhIn5 have been measured to demonstrate its use
in detecting phase transitions and quantum oscillations. In addition, using this dilatometer, a simultaneous
multi-axis dilation measurement has been done. This compact dilatometer has many advantages such as its
ability to measure very small samples with lengths at sub-mm levels, low temperature and field dependence,
ability to rotate, and works well irrespective of being in a changing liquid or gas environment (i.e. within a
flow cryostat or mixing chamber).
I. INTRODUCTION
Thermal expansion (TE) and magnetostricton (MS)
can provide accurate information on changes in the di-
mensions of materials as the temperature and magnetic
field are varied. These quantities are of considerable
interest because of the fundamental importance of the
structure of materials and their intimate relation to the
specific heat of materials1,2. They provide a way to
understand the pressure dependencies of the respective
ordering phenomena, thermodynamic properties, rele-
vant energy changes, and magnetic field-induced struc-
tural changes, which are very important for the study
of high temperature superconductors3,4, heavy fermion
systems5,6 and many other novel materials. Unfortu-
nately, many samples of interest are frequently small with
a correspondingly small TE or MS, so a dilatometer with
a high resolution is needed for these measurements.
Currently, the dilatometers based upon the capaci-
tance method are one of the most sensitive methods for
precise TE and MS measurements7–12. Dilatometers of
this design have operated successfully in a wide variety
of different cryostats and measurement systems. Their
main advantages are that the sample is only under very
weak uniaxial stress (50-500 mN)12 and that a dilation
limit of less than 0.1A˚ can be reached13. However, when
placed into a low temperature environment that changes
from liquid to gas (as inside a He-3 cryostat) or even in
a dilution refrigerator mixing chamber where the ratio
of 3He to 4He changes with temperature or field, the ca-
pacitance dilatometer has large background effects due
to the temperature dependent dielectric constant of the
medium. In addition, in a pulsed magnetic field, where
the field is changing extremely rapidly, eddy currents in
a)wangliran@magnet.fsu.edu
the metallic body of the device can have deleterious ef-
fects. Finally, many capacitance dilatometers will change
their capacitance upon rotation of the device due to the
effect of gravity even without the sample length having
changed, making their use in rotators difficult14–16.
To solve these problems, several solutions have been
proposed. One is an optical fiber strain gauge using Fiber
Bragg Gratings (FBGs). This method has the significant
advantage of immunity to electromagnetic interference
and works very well in a wide variety of cryostats and
large pulsed magnetic fields17. However, the FBG has to
be glued to the surface of the sample and this requires
that the sample has a flat surface at least a few millime-
ters in length which is not possible with many samples.
In addition, it is difficult to rotate the device and bend
the optical fiber.
The solution proposed here uses an atomic force mi-
croscope piezo-resistive cantilever as the sensing element.
The prototype construction was described earlier18 and
is here developed into a more robust device. A significant
advantage of this device is its immunity to the effects of
the cryogenic media it is immersed in. In addition, the
cantilever is small and easy to mount in a relatively small
space and can be easily rotated. Another advantage is
the ability to perform simultaneous mulit-axis measure-
ments. For previous dilatometer forms (capacitive and
optical), dilations of the sample can only be measured
one axis at a time. With proper construction, more than
one cantilever can be used at the same time and measured
separately in order to detect the simultaneous changes of
different axes of one sample; x, y and even z axis.
This work concentrates on the following aspects: find-
ing suitable construction materials and design, exploring
low noise and high-quality measurements, and discover-
ing applications and limitations for this method.
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2II. BASIC MEASUREMENT SET-UP
The dimensions of the commercial PRC40019 device
measure 3.5×1.6×0.2 mm3 (L×W×H) overall and the
sample lever arm has dimensions of 0.4×0.05×0.005 mm3
(L×W×H). Rs indicates the resistance of piezoelement of
the long-tip lever arm and Rr is the resistance of a short-
tip reference lever which is synthesized together with the
signal piezo element. The typical room temperature re-
sistance of each piezo (both Rs and Rr) is about 600-700
Ω. As shown in Fig.1 (b), the basic measurement circuit
of is based on a Wheatstone bridge configuration. Resis-
tance changes in the piezoelement Rs that are induced
by dimensional changes from the sample are recorded as
a voltage signal in a lock-in amplifier. Vbias is the input
excitation voltage and Vab is the recorded output signal.
R1 and R2 are the potentiometers used to balance the
bridge. The equation is:
Vab = Vbias(
R2
Rs −R2 −
R1
Rr −R1 ) (1)
A top-loading 3He/4He dilution refrigerator and super-
conducting magnet were used to provide temperatures
as low as ∼25 mK and magnetic fields up to 16 T. The
dilatometer is immersed directly in the 3He-4He mixture
providing excellent thermal contact to the sample.
For designing this dilatometer, there are two basic
rules: First, the design must be very simple, since any
strain in the construction can transfer to the output sig-
nal, and the sample signal will normally be hidden by this
huge effect. Second, it should be made of the same mate-
rial as the cantilever body. If the materials are different,
the differential contraction between the arm and the base
can cause the cantilever tip to ”walk” over the surface of
the sample and produce erroneous signals. The final de-
sign of sample stage is made of silicon and the height
of the stage where the sample sits is machined accord-
ing to the thickness of the sample. The cantilever and
sample are both glued to the silicon base with superglue
and the sensory tip of the cantilever gently touches the
sample surface. This simple design is especially suitable
for thin samples with very limited length, Lsample ∼ 0.1
mm or smaller. For a bulk sample with larger size, by
using multiple cantilevers, the dilations of more than one
sample direction can be measured simultaneously. The 2-
axis measurement setup is shown as an example in Fig.1
(a) and with proper construction, measuring a 3rd axis
is also possible.
Fig.1 (b) shows the Wheatstone bridge circuit con-
struction. This part is synthesized in a custom manu-
factured low noise breakout box. This approach dramat-
ically reduced the connections and exposed wires that can
introduce unwanted noise. Signal Recovery (SR) 7280
lock-in amplifiers are used here. Typical settings were
Vbias = 0.05 V with time constant 500 ms and excita-
tion frequency f = 17 Hz. With the improved circuit, the
peak-to-peak noise level can be reduced down to 20 nV.
Vab	  
Lock-­‐in	  Amplifier	  
Vab	  
R1	   R2	  
Vbias	  
Rr	  Rs	  
(a)	  
(b)	  
(c)	  
lever	  arm	  &	  9p	  
piezo	  element	  	  Rs	  
reference	  piezo	  Rr	  
sample	  
silicon	  stage	  
FIG. 1. Construction for a 2-axis measurement. (a) The sili-
con stage with two cantilever tips touching the sample surface.
The cantilever arm and tip, piezo element Rs and reference
piezo Rr are indicated. (b) The construction the Wheatstone
bridge circuit. Vbias is the output voltage, and Vab is the
recorded signal. The circuit within the red box has been syn-
thesized by a low noise circuit bridge, designed and built by
the NHMFL electronic shop. (c) Image of the measurement
setup as two cantilever tips touch the two surfaces of CeCoIn5
separately as illustrated by (a).
In capacitance dilation measurements, L represents the
sample length and ∆L is used to quantify the change. In
the dilatometer measurements described here, results are
recorded in the form of electronic signal, Voltage. The
signal Vab can reflect the deviation of the cantilever tip
∆L. At room temperature, the calibration from Vab to
∆L can be made by using a micrometer to push the can-
tilever tip (record ∆L) and recording the electrical signal
(Vab) at the same time. However the calibration relation
is not as easily obtained for low temperature environ-
ments. There is an important factor which will dramati-
cally influence the calibration, that can best be described
in terms of the “cell effect”.
In a capacitive dilatometer, the cell effect is caused by
the thermal expansion and magnetostriciton of the ma-
terial(s) making up the dilatometer. In the cantilever
dilatometer, the cell effect originates from two piezore-
sistors that do not match. The two resistors were pre-
sumably engineered to be identical at room temperature
and in zero fields. What has been observed, though, is
that small differences between them increase at low tem-
peratures (slightly different temperature-dependent re-
sistivities) and high fields (slightly different magnetore-
sistances). To create a new term, this might be called a
“resistor mismatch cell effect”. Based on the tests of sev-
3eral cantilevers, this kind of cell effect can clearly vary
from cantilever to cantilever. So for low temperature
calibration, the conversion form Vab to ∆L cannot be a
universal value for all cantilevers.
In spite of this, for repeated measurements with one
single cantilever, the cell effect is rather reproducible.
Most of the time, the cell effect is shown as a very broad
bump or nearly linear background signal throughout the
whole measurement range. Most of the dilation changes
that are associated with phase transitions can be eas-
ily resolved as anomalies in the broad background sig-
nal. A rough estimation was made measuring one sam-
ple with both capacitance and piezo dilatometers. Under
the same conditions (pressure, temperature and magnetic
field), the dilation change appeared to be comparable.
Here we use the same CeCoIn5 sample which is used
in Correa’s magnetostriction measurements20. Accord-
ing to their capacitance dilatometer measurements, at
approximately 25 mK, for B//ab-plane and original sam-
ple length L = 0.9144 mm, the dilation change ∆Lsample
at the transition point Hc is ∼ 5 nm. The voltage sig-
nal ∆V at the same transition point is ∼ 0.7 µV. So the
calibration relation can then be estimated as
∆V/∆L ≈ 140µV/µm (2)
This estimation agrees with the room temperature
value found in the reference21 within a factor of 2
(PRC400, with Vbias=0.05 V). In fact, because the differ-
ent cantilevers have different “cell effect”, the signal at
the transition point is also affected. We performed mea-
surements on the same CeCoIn5 sample using different
cantilevers. At the transition point, the largest ∆V sig-
nal could be up to twice large as the smallest one. The
∆V shown above is an average value. Therefore, this cal-
ibration relation can be used for some rough estimations,
but cannot be used to determine absolute sample length
changes.
With equation 2, we can estimate our low tempera-
ture measurement resolution. As previously mentioned,
the lowest peak to peak noise level is ∼ 20 nV, so the
best resolution we can achieve is ∼2 A˚. With this cali-
bration, the temperature and field dependence of the cell
effect also can be roughly estimated to be ∼3 nm/Kelvin
and ∼1.5 nm/Tesla respectively. These are average val-
ues obtained by measuring 3 different cantilevers. Note
these estimated values only apply for low temperature
measurements in the millikelvin range. This cell effect in-
cludes the result of resistor mismatch, piezoresistor mag-
netoresistance, the expansion of silicon, etc. But in fact,
for many low temperature measurements, one is inter-
ested in measuring a phase transition or seeing quantum
oscillations, and this cell effect could be subtracted as
the background signal. So despite the ”cell effect”, this
technique is still very useful for detecting dilation changes
caused by phase transitions for samples with limited size.
Moreover, for samples that are large enough, a very useful
simultaneous multi-axis measurement can be performed
with the setup shown in Fig.1 (a).
III. PHASE TRANSITION MEASUREMENT
The heavy-fermion superconductor 115 family,
REMIn5 (RE = La or Ce; M = Co,Rh or Ir), has
been extensively investigated in the last decade owing to
several unusual properties of their superconducting (SC)
states22,23. The tetragonal crystal structure alternates
magnetic REIn3 and non-magnetic MIn2 layers along
the c-axis. One of the most interesting members of this
family is CeCoIn5, not only because it demonstrates
a sharp, clear first-order phase transition from the
superconducting state to the normal state at high
magnetic fields, but also because it is the first material
to exhibit a Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
superconducting state20,24.
The CeCoIn5 sample we used for this measurement
is 1×1×1.5 (a×b×c) mm3 in size. The sketch at the
right bottom of Fig.2 shows the orientation between the
sample and applied magnetic field. The cantilever tip
gently rested on top of the sample and the signal shown
here reflected only the changes of the c-axis. Here θ is
defined as the angle between the magnetic field and the
c-axis.
As shown in Fig.2, TE and MS measurements were
made at different directions and temperatures, which
provided a complete 3D-phase diagram. Fig.2 (a) shows
the field dependence results of CeCoIn5 at different tem-
peratures. From top to bottom, the data were taken at
1260 mK, 1100 mK, 900 mK, 600 mK, 450 mK, 300 mK,
200 mK, 150 mK, 100 mK and 25 mK respectively. For
this graph, a magnetic field was applied along the ab-
plane (θ = 90◦). The inset to graph (a) is the resulting
phase diagram. Fig.2 (b) and (c) are the results of the
field applied to c-axis (θ = 0◦). Fig.2 (b) is the tem-
perature dependence at different fields (4.5 T, 4.8 T, 4.9
T, 4.95 T, 5 T, 5.5 T, 6 T), while graph (c) shows the
field dependence at different temperatures (25 mK, 100
mK, 200 mK, 380 mK, 420 mK, 750 mK, 1000 mK, 1200
mK). The resulting phase diagram is shown in the inset
of Fig.2 (b) and (c). Graph (d) shows the field depen-
dence at different angles (θ = 0◦, 4◦, 9◦, 13◦, 17◦, 22◦,
30◦, 50◦, 90◦ respectively).
These overall magnetic field versus temperature phase
diagrams are in excellent agreement with previous
work20,25–27. Most importantly, a complete 3D phase di-
agram can be made. (See the last graph (e) in Fig.2). By
decreasing the temperature from 1.2 K to the base tem-
perature (∼25 mK), the transition point Hc increased
from ∼9 T to 11.65 T. While at base temperature, the
sample was rotated 90 degrees from the B//ab-plane po-
sition to the B//c-axis position. The transition critical
field Hc decreased from 11.65 T to ∼4.98 T (see the θ-
H plane at T = 25 mK). Finally, at position B//c-axis,
the temperature was increased from 25mK to 1.2 K. The
transition point continued to decrease and finally van-
ished around 4.1 T (see the H-T plane at θ = 0◦).
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FIG. 2. Graph (a) shows the field dependence results of
CeCoIn5 at different temperatures (top to bottom curves are
taken from 1.26 K to base temperature). The field is applied
in the ab-plane (θ = 90◦). Insert graph is the phase diagram.
Graphs (b) and (c) show the results of the field applied to c-
axis (θ = 0◦). Graph (b) shows the temperature dependence
at different fields (top to bottom data are taken at field from
4.5 T to 6 T). Graph (c) shows the field dependence at dif-
ferent temperatures (top to bottom data are taken from base
temperature to ∼1 K). The phase diagram based on these two
graphs is placed in the middle. Graph (d) shows the field de-
pendence at the different angle (top to bottom data are taken
from θ = 90◦ to 0◦). The bottom graph (e) is the 3D view of
a summary of all three phase diagrams.
×
FIG. 3. Angular dependence data for both c and a(b)- axis
taken at the same time. Note that the data collected along
the a(b)-axis is decreased by a factor of 10 to be shown on a
similar scale.
IV. SIMULTANEOUS MEASUREMENT OF TWO
SAMPLE AXES
The same CeCoIn5 sample used in the previous section
was also used for these measurements. The orientation
between the sample and applied magnetic field is shown
in the lower right of Fig.2. This time two cantilevers
were used to measure the two different axis of the sam-
ple simultaneously. As can be seen in Fig.1 (c), c-axis
is perpendicular to the sample surface which is directly
facing out of the page (in Fig.1 (a), the surface faces up),
and a(b)-axis is perpendicular to the side surface (in Fig.1
(a), the surface faces aside). The signals will reflect the
changes of c and a(b)-axis at the same time.
Fig.3 shows two groups of angular dependent data, one
group (upper in the graph) is the measurement along the
a(b)-axis and the other is the measurement along the
c-axis (lower part in the graph). Both groups contains
four curves that are taken at θ = 5◦, 10◦, 20◦, 90◦ re-
spectively. As can be seen, the transitions for these two
groups of data correspond to each other. At the transi-
tion point, the signal, ∆V for the a(b)-axis is more than
10 times larger than the signal for c-axis. For clarity,
the y-axis of the graph was split and data for a(b)-axis
are decreased by a factor of 10 in order to get a simi-
lar scale with the data for c-axis. For the measurements
performed on the c-axis, even though a different can-
tilever was used than in section III, the signal amplitude
for both measurements are still comparable, despite the
different background caused by the cell effect. Thus for
the measurements along the a(b)-axis, the large ∆V at
the transition point indicated the dilation change along
a(b)-axis is much bigger than that along c-axis given the
crystal dimensions. This is very important information
which can help to estimate the volume change and un-
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FIG. 4. (a) Background subtracted trace showing quantum
oscillations and (b) the resulting FFT spectrum in LaRhIn5
derstand the whole lattice.
V. MEASUREMENT OF QUANTUM OSCILLATIONS
In addition to the application for simultaneous multi-
axis measurement, the advantages of our cantilever
dilatometer manifest in other aspects. The use of can-
tilevers in pulsed magnets and the oscillatory magnetic
torque measurements were successfully studied28–30. The
dilation measurements on LaRhIn5 proved the cantilever
can detect quantum oscillations via magnetostricton and
the signal is significant.
The LaRhIn5 sample we used here is much thinner,
only 1×1×0.1 mm3(a×b×c) in size. The sample and
field position are similar to the CeCoIn5 sample shown
in Fig.2 bottom. The cantilever also touches the top of
the sample, which measures the dilation change of c-axis.
In Fig.4, data from LaRhIn5 with the field parallel to
the c-axis is shown. In the lower part of the graph, a
fast Fourier transform (FFT) spectrum for the LaRhIn5
analysis for fields between 4 T and 12 T is shown. The
upper graph shows the clear oscillation data up to 12 T.
The quality of this data is typical for all of the inves-
tigated trace curves in Fig.5. Multiple frequencies are
found in the FFT spectrum; main fundamental branches
are α1, α2, β1, β2, ε1 and ε2.
In addition to high resolution, this cantilever dilatome-
ter can be easily rotated in the cryostat. For quantum
oscillation measurements, the data taken at different an-
gles will reflect the Fermi surface at that direction, so
obtaining the angular dependent data is important for
understanding the full Fermi surface. Because of the con-
fined space and liquid/gas environment at field center,
sample rotation in other dilation measurements is rather
limited. However, this piezo cantilever dilatometer does
not have these restrictions, making it the perfect choice
to perform angular dependent measurements at low tem-
perature and high field.
Figures 5 (a) and (b) show the angular dependence
of the oscillation frequencies of LaRhIn5, both in the
FFT spectra and selected peaks from those spectra. The
branches αi (i=1, 2) and β2 roughly follow the 1/cosθ de-
pendence, where θ indicates a field angle tilted from [001]
to [100]. In comparison to the theoretical calculation
in Shishido’s paper31, this angular dependence suggests
that the corresponding Fermi surface is nearly cylindri-
cal. Because of the theoretical calculation, branch α2 is
due to a band 15-electron Fermi surface, which is nearly
cylindrical, but corrugated, allowing maximum and min-
imum cross-sections. Branch βi is due to a highly corru-
gated band 14-electron Fermi surface. A feature of βi is a
minimum in its frequency at ∼30◦ from the c-axis. This
feature is shown in our data in Fig.5 (b). Branch εi is due
to a band 13-hole Fermi surface whose topology is similar
to a lattice. In previous studies32–34, these low frequency
signals have never been clearly shown. However, by us-
ing the cantilever dilatometer, the low frequency features
are well resolved in the oscillatory magnetostriction mea-
surements.
The angle-dependent quantum oscillations in LaRhIn5
at ∼25 mK for a wide angle region have been successfully
observed and shown in Fig.5. It is clearly found that
these main frequencies which are corresponding to certain
Fermi surfaces, systematically shifted with rotation angle
θ. The significant signals at low frequency range may
need further investigation.
VI. CONCLUSION
Advancing our previous work, we improved the de-
sign implementation of the miniature size AFM cantilever
based dilatometer. The successful applications of our
new design on heavy Fermion SC samples REMIn5 show
that the cantilever dilatometer is a very useful tool for
magnetoelastic and quantum oscillation investigations.
Compared to the traditional capacitance dilatometer and
FBGs, although this dilatometer can not provide accu-
rate length changes of a sample, it still has unique merits.
First, the sample used for this dilatometer can be very
small (smaller than 0.1 mm in length). This is already
beyond the limitations of many other dilatometer forms.
Also, the rotation measurement is usually considered to
be a big challenge for capacitance and FBGs dilatome-
ters. Since the volume of the piezo dilatometer can be
rather small, it can be easily rotated in very constrained
spaces, like field center in a dilution refrigerator, without
gravity effects, providing another advantage for this tech-
nique. Its versatility makes it suitable for measurements
under the many conditions imposed by low temperatures
(like liquid or gaseous helium) and high magnetic fields.
Moreover, this technique shows suitability of application
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FIG. 5. Angular dependence of the frequency in LaRhIn5.
(a)FFT spectra at different angle and (b) selected peaks vs.
angle.
in oscillatory magnetostricton measurements, measuring
even high frequency signals easily. The final advantage
of our dilatometer is shown by the successful application
on simultaneous multi-axis dilation measurements. The
dilation measurement for more than one direction at the
same time is difficult for other dilatometer techniques,
which makes our cantilever dilatometer a unique tool for
this type of measurement.
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